steady state achieved between the fifth and tenth minutes of pedalling, recumbent. The validity of the steady state at this time during exercise of the level performed by these subjects has been shown (Donald, 1959; Levy et al., 1961) . Oxygen consumption at N.T.P. per square meter of body surface area was taken as the measure of work during exercise.
Results
The age at the time of investigation, the resting cardiac index, and resting right ventricular systolic pressure in patients unoperated upon and in those having had valvotomy are compared in Table I . It will be seen that the average age and resting cardiac index are the same in each group. By the criterion of resting right ventricular systolic pressure (Wood, 1956) , the average severity of the unoperated group is " severe," while in the post-operative group it is in the " mild " to " moderate" zone.
In the electrocardiograms, right atrial and right ventricular hypertrophy were assessed. For right atrial hypertrophy, the amplitude of the P wave in lead II and the P/PR segment ratio (Macruz et al., 1958; Wyss et al., 1959) , in the same lead were used. The mean values of these measurements were equal in the two groups (Table II) , while right ventricular hypertrophy, judged by the criteria of Goodwin and Abdin (1959) , was more severe in the unoperated group (Table III) . 1-8 2-6 1-9 (10-3 0)
(1*0-45) (1*0-45) P/PR segment ratio in II (Macruz et al., 1958) ..
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1-0 1-0 (0-6-1-2) (0-6-1-3) (0-7-1-5) Findings During Exercise. The cardiac index (l./min./sq.m.), plotted upon a graph published by Donald (1959) , showed impairment of exercising cardiac output in 8 unoperated cases and in 7 after operation (Fig. 1) . Donald, 1959.) Arteriovenous oxygen difference increased beyond the limits of normality (Dexter et al., 1951) during exercise in 7 patients of each group. It had already been above the normal at rest in 2 unoperated and 4 operated patients (Fig. 2) . This finding, of course, reflects impaired cardiac output in these patients. (Dexter et at., 1951; Freedman et at., 1955; Taylor and Donald, 1960) . In the unoperated group it fell in 8 cases and the average was 41 ml. at rest, 37 ml. during exercise. Nine of the operated patients showed a fall, and average values were 45 ml. at rest and 42 ml. during exercise.
Heart Rate. In the presence of an unchanged or reduced stroke volume, increase of cardiac output was achieved by tachycardia in excess of normal for the amount of work performed. At rest, in the unoperated group, mean oxygen consumption was 145 ml./min./sq.m., and the mean heart rate 83 a minute; and in the operated group, mean oxygen consumption was 139 ml./min./sq.m. and the mean heart rate 81 a minute. These figures are identical with those of normal subjects reported by Taylor and Donald (1960) .
During exercise, in the unoperated patients, mean oxygen consumption was 355 ml./min./sq.m. with a mean heart rate 127 a minute; and in the operated cases, mean oxygen consumption of 314 ml./min./sq.m. was associated with a mean heart rate of 114 a minute. The normal subjects of Taylor and Donald (1960) showed a similar heart rate for twice the amount of work.
Systolic ejection period, measured from superimposed pulmonary arterial and right ventricular pressure records, was shortened in each cycle as normally and, by virtue of tachycardia, increased each minute.
The increased proportion of the cardiac cycle occupied by systolic ejection from the right ventricle during exercise may be seen from the ratio of systolic ejection period (seconds per cycle) and cycle length (seconds). In the unoperated group, this ratio was 0-48 at rest and 0-55 during exercise; and in the operated group it was 0 -40 at rest and 0 -48 during exercise. The effect of pulmonary valvotomy in lowering this ratio is also shown.
Right Ventricular Systolic Pressure. In the presence of pulmonary stenosis, and in the absence of right ventricular failure, the degree of rise of right ventricular systolic pressure during exercise depends upon two factors. One of these is the shortening of the systolic ejection period per cycle which results from tachycardia and tends to increase it. The other is the stroke volume, which depends upon the adequacy of right ventricular filling during diastole. As already shown the relative shortening of diastole with tachycardia results, in these cases, in a fall of stroke volume during exercise, even though the filling pressure increases (Fig. 3) (Campbell, 1960) , not all cases did so (Fig. 4) .
Discussion
In the presence of pulmonary stenosis, the large increase of right ventricular systolic pressure observed in the beat following the compensatory pause after a premature beat indicates the ability of the right ventricle to increase its pressure in response to increased filling during a longer diastole ( Fig. 5 ). This denies the suggestion (Fabricius, 1959) , that impaired cardiac output during exercise in such cases is due to inability of the right ventricle to increase its pressure sufficiently. Rather, it is suggested, prolonged ejection causes relative shortening of diastole which, in the presence of increased resistance to filling on the part of the ventricle itself, impairs filling, reduces stroke volume, and so keeps down the right ventricular systolic pressure. Impaired response of cardiac output to exercise is thus due to (a) prolonged right ventricular ejection, causing shortening of diastolic filling time, and (b) increased right ventricular filling resistance, due to right ventricular hypertrophy. In severe cases, myocardial fibrosis is known to develop and constitutes an additional cause of increased resistance to ventricular filling.
Shortening of the systolic ejection period per minute following valvotomy ( Fig. 6 ) reflects diminished resistance to right ventricular emptying. Nevertheless, the response to exercise may still be abnormal after operation. The fundamental defect now seems to be impaired right ventricular filling, despite the larger proportion of the cardiac cycle occupied by diastole. Stroke volume is thus smaller than normal and-even excessive tachycardia may fail to compensate for this. It is suggested that this may be accounted for by the persistence of increased right ventricular filling resistance, due to myocardial fibrosis, even when ventricular hypertrophy has resolved. The pattern associated with chronic constrictive pericarditis or myocardial fibrosis (Hansen et al., 1951) and endomyocardial fibrosis (Shillingford and Somers, 1961) may be seen in the right atrial and right ventricular pressure waves in cases after operation that show impairment of exercising cardiac output (Fig. 7) . The T wave abnormalities that sometimes persist after pulmonary valvotomy may also reflect this. (Hansen et al., 1951) , contrasting with the normal patterns in left atrium and left ventricle obtained at the same time (Fig. 7 ).
Since these two cases were described (Brock, 1961) , a third patient has been seen who shows the same phenomenon and merits brief description. had improved effort tolerance but was still variably cyanosed. Subsequently she was observed by Dr. Somerville who, in 1954, noted worsening of dyspncea and cyanosis. The anastomotic murmur was no longer audible. Venous angiocardiography showed early aortic filling, though whether the right-to-left shunt responsible for this occurred at atrial or ventricular level could not be defined. The pulmonary stenosis was seen to be valvar. In November, 1954, Mr. Holmes Sellors carried out closed pulmonary valvotomy. Hypertrophic infundibular stenosis supervened at once, so that the gradient between right ventricle and pulmonary artery was not adequately relieved. Infundibular punch resection was therefore performed. A year later there was great improvement in effort tolerance though some cyanosis was still present. The pulmonary systolic murmur was now "very slight" and by 1956 it had "practically disappeared." In May, 1959, she was seen again at Guy's Hospital. Examination now showed marked central cyanosis and digital clubbing. At rest there was a jugular venous a wave 6 cm. above sternal angle level, witlh rapid and deep x and y descents visible. The cardiac impulse was normal. Auscultation revealed a normal first sound, no systolic murmur, a normal second sound with pulmonary component of normal intensity, a loud right ventricular third sound, and a moderately loud atrial sound. There was no diastolic murmur. The cardiogram (Fig. 9) The course of events has thus shown that this was a case of severe pulmonary valve stenosis with reversed interatrial shunt. Pulmonary valvotomy was complete and severe right ventricular hypertrophy, responsible for functional infundibular stenosis which was partially relieved by infundibular resection, has subsequently regressed completely. Reversed interatrial shunt, however, persists and the large jugular venous a waves and atrial sound provide evidence of increased right ventricular filling resistance. The deep x and y descents also noted clinically, suggest that the pattern of "constriction" is present.
These three cases illustrate a further effect of right ventricular myocardial fibrosis with increased ventricular filling resistance. The importance of closing any interatrial communication, even a valve-patent foramen ovale, at the time of valvotomy in cyanosed patients with severe pulmonary stenosis, as stressed by Brock (1961) , is clear. The ill-effects of central cyanosis will thereby be relieved, though the myocardial fibrosis presumably cannot be influenced and right atrial work will continue to be increased. The response of the heart to exercise will remain abnormal and, ultimately, right ventricular failure may be expected to occur. GROUP II. PERSISTENT RIGHT VENTRICULAR HYPERTROPHY It is now well recognized that right ventricular outflow obstruction results from severe right ventricular hypertrophy and that this occurs as a complication of severe pulmonary valve stenosis. It is also known that, after pulmonary valvotomy, such hypertrophic infundibular stenosis usually regresses completely within a year or so. Brock (1961) has recently stated that such a course of events is the rule and that resection of infundibular muscle after pulmonary valvotomy, even when right ventricular systolic pressure remains very high, is not necessary. He showed that it may, in fact, be ineffective in achieving a further lowering of right ventricular pressure in these circumstances. The proposition that a residual right ventricular systolic pressure in excess of 100 mm. Hg after valvotomy should be considered as an indication for infundibular muscle resection (Johnson, 1959a) was refuted. Two cases reported here, however, show that persistently high right ventricular pressure may greatly impede regression of right ventricular hypertrophy, as previously noted (Johnson, 1959a) , so that, despite complete valvotomy, the right ventricle is not adequately relieved of its burden at least over several succeeding years.
Case 4. L.K., a girl, aged 14, at the time of open pulmonary valvotomy by Mr. Donald Ross for severe isolated pulmonary stenosis. There was no pre-operative cardiac catheterization, but pressures measured at operation, before and after valvotomy, showed that severe valve stenosis was completely relieved only to be replaced by equally severe functional infundibular stenosis (Table IV) . A finger was passed down into the right ventricle, where powerful contraction of the outflow tract was noted but organic obstruction was excluded. No infundibular resection was carried out. Post-operatively, congestive heart failure occurred and required full medical treatment. One month after operation, a phonocardiogram showed a grossly delayed and soft pulmonary component of the second sound (0 12 sec. after the aortic component). The pulmonary systolic murmur, however, no longer overlapped the aortic component. These are the auscultatory features of severe hypertrophic infundibular stenosis (Johnson, 1959b) , and they persisted to the time of recatheterization two years after operation. At this investigation, severe functional infundibular stenosis was shown still to be present (Table IV) . The cardiogram showed persistence of severe right ventricular hypertrophy, though it was a little less gross than before operation (Fig. 10) (Table IV) . In the cardiogram (Fig. 1 1) Kirklin (1961) has successfully followed this practise: his aim has been to reduce right ventricular systolic pressure so that it does not exceed 75 per cent of the systemic figure. The lowering, or further lowering, of right ventricular pressure by this means allows right ventricular hypertrophy to regress, so that the milder degree of associated functional infundibular stenosis proceeds spontaneously to complete resolution. Clearly, the continued presence of such severe right ventricular hypertension as occurred in these two cases invites development or progression of right ventricular myocardial fibrosis, even after complete valvotomy, with the consequences described in the previous sections of this paper.
It is seen from the facts presented here that the cardiac surgeon, while he may achieve success in the relief of pulmonary valve stenosis, may yet be denied commensurate physiological success in two ways. Both result from the severity and duration of the lesion he has corrected.
In the first place, severe right ventricular hypertrophy may result in development of severe functional infundibular stenosis immediately the valve stenosis is relieved. If he has succeeded in lowering right ventricular systolic pressure below about 100 mm. Hg, regression of right ventricular hypertrophy over the succeeding months will complete his task of restoring the right ventricular load to normality. If, however, severe functional infundibular stenosis has maintained right ventricular systolic pressure above 100 mm. Hg, its regression may be slow (Hosier et al., 1956; Johnson, 1959a) , or, as shown in the present report, may virtually fail to occur over a period of up to five years. Thus, the conditions that lead to right ventricular myocardial fibrosis may persist for a long time after valvotomy.
We have shown that, even after complete relief of right ventricular obstruction and complete regression of right ventricular hypertrophy, disturbed function of the right ventricle may be mani- (Donald, 1959) at time of post-operative investigation.
group.bmj.com on June 26, 2017 -Published by http://heart.bmj.com/ Downloaded from IMPAIRED EXERCISE RESPONSE AFTER PULMONARY VALVOTOMY fested by haemodynamic abnormalities including impaired response of cardiac output to exercise. That both the severity of the pulmonary stenosis and its duration are important in determining this permanent physiological defect is indicated by the direct correlation between the degree of impairment of cardiac output increase during exercise and the product of resting right ventricular systolic pressure and age at operation (Fig. 12) . Neither right ventricular systolic pressure nor age alone shows any correlation but it is evident that severity of stenosis plays a more important part than duration in the production of permanent myocardial damage. Thus, severe stenosis will produce irreversible changes early, moderate stenosis may not do so until middle life, and nlild stenosis may never do so. The importance of providing sufficient relief for the right ventricle as soon as possible is thus evident and, if infundibular muscle resection in addition to valvotomy is necessary to achieve this, it seems justifiable to undertake the extra surgical step, the efficacy and safety of which has been proved by Kirklin (1961) . The shortcomings of a single figure that shall be taken to indicate the need for muscle resection after valvotomy are, of course, admitted. Nevertheless, this figure is based upon observations of mortality and morbidity after operation (Johnson, 1959a) and, in the operating theatre, a reasonably established and relatively simple criterion may be of great practical value in making an otherwise difficult decision. SUMMARY A hemodynamic study of 13 patients with pulmonary stenosis and of 17 patients subjected to valvotomy is reported. Impaired exercise response was found in both groups. In the presence of pulmonary stenosis, relative shortening of diastole due to prolonged right ventricular ejection, combined with increased right ventricular filling resistance, appear to be the factors limiting cardiac output increase during exercise. After operation, the factor of increased filling resistance alone may suffice to cause persistence of an abnormal response to effort.
The same mechanism appears to be responsible for the occasional continuation of reversed interatrial shunting after valvotomy for severe pulmonary stenosis.
Myocardial fibrosis seems to be the cause of increased right ventricular filling resistance, even after complete resolution of hypertrophy.
Perpetuation of hypertrophic infundibular stenosis by high residual right ventricular systolic pressure after valvotomy is illustrated by case reports and the importance of the duration and severity of right ventricular hypertension in relation to the production of myocardial fibrosis is stressed. Early and adequate relief of severe right ventricular hypertension is urged, and the question of infundibular muscle resection after pulmonary valvotomy is discussed again in the light of these findings.
